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Fluorescent optical imaging of tumors deep within tissue depends on specific binding of antibodies to the tu-

mors’ surface markers.
to and (or) diffused away from it.

These fluorescent antibodies propagating in the vicinity of the tumor can be attached
We illustrate application of a new tool, based on the random-walk theory

in turbid media, for extracting the pharmacokinetics of these fluorescent antibodies by data deconvolution,

excluding the effect of upper turbid tissue layers.
OCIS codes: 170.4580, 170.3660.

Tremendous advances in the molecular biology of
disease processes and the development of specific
fluorescently labeled cell markers as specific sources
of optical contrast have opened the perspective of non-
invasive quantification of disease processes. In small
animal imaging it is desirable to be able to monitor
the pharmacokinetics of these specific markers and
their diffusion through tissue as a function of time,
to identify the window of time in which only specific
binding occurs. However, strong scattering of light
dictates the use of photon migration theories for the
quantification of pertinent parameters. Different
groups of researchers have either developed or used
optical contrast agents for imaging by reconstructing
the concentration of fluorescent particles beneath the
tissue.!”®> The use of IR contrast agents to enhance
imaging in phantom experiments has also been re-
ported.® In previous stages of our work we were able
to reconstruct the locations of tumors beneath the tis-
sue surface’ and quantify peak fluorescence intensity
decay times as measured by spectrophotomers.® In
this Letter we report on an original method of decon-
volving the signal coming from deep structures and
retrieve the true pharmacokinetics of tumor cells.
Two pertinent parameters, i.e., temporal change in
the peak intensities of the fluorescent signals and
their full width at half-maximum, are used to study
the dynamics of labeled antibodies.

In our animal experiments the tongues of Balb-C
mice are injected with squamous carcinoma cells
that are CD3 and CD19 positive. Fluorescein-
isothiocyanate-conjugated antibodies to CD3 or CD19
are then injected into the tongue. First, the tongue
is imaged after the fluorescent antibodies are injected
at different time intervals to assess the pharmacoki-
netics of the fluorescent antibodies. In a separate
experiment the same procedure is used, but the tongue
is covered by an agarose slab with optical properties

0146-9592/04/070742-03$15.00/0

© 2004 Optical Society of America

similar to those of the surrounding tissue. Details on
tumor induction procedure can be found in Ref. 9, and
quantities and application of the antibody-fluorophore
conjugates protocol can be found in Ref. 7.

A series of surface fluorescence images were taken
from each mouse as a function of time, from time of in-
jection (every 2 min for the first 30 min and then every
5 min for 90 min; the total session time was 120 min).
As an example, a recorded surface fluorescence image
obtained from a 20-day-old tumor targeted with fluo-
rescent antibodies, beneath a 1.95-mm slab of agarose
is shown in Fig. 1.

Our method involves several steps. First, we use
our random walk formulas for cw reflectance imaging
of quasi-point fluorophores inside a turbid medium to
retrieve the depth (more accurately, the centroid) of
the fluorescent mass.'®! The corresponding expres-
sion is

T(r,rp) = A[H(a-,B-) — H(a-, B-)
~ H(as,B-) + H(a+,ﬁ+)]exp(—“—",“*), (1)
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Scaling factor A is neglected in further data analysis,
since we are dealing only with normalized intensity
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distributions (it is determined by the fluorescence
quantum efficiency ®; the optical characteristics of
the fluorescent agents, u.r and u,¢, as well as an effect
of the probability multiple passage of the incident
photons through the fluorescent site'?). The origin
of the coordinate system (0, 0, 0) is placed at the entry
point of the incident photon, and the fluorophore and
the detector are at ry = (xr, y;, 2¢) and r = (, ¥, 2),
respectively. The optical parameters in this equa-
tion, u’ and u,, are the transport-corrected scattering
coefficient and the absorption coefficient of the back-
ground, respectively. Subscripts i and e stand for
incident and emitted light, respectively. It should be
noted that, for several fluorescent sites, the detected
signal could be considered as a sum of signals from
individual fluorophores. This method provides accu-
rate reconstruction of the depth of the tumor beneath
several agarose slabs with differing thicknesses at
early stages of tumor development. At later stages of
tumor development (when the size of the fluorophore
becomes comparable with its depth), direct application
of Eq. (1) for localization is not justified. However, if
the centroid of the tumor is localized (e.g., estimated at
early stages of the tumor growth),” then, to follow the
pharmacokinetics of the injected fluorophore-antibody
molecules at these later stages, one can use Eq. (1)
as a point-spread function (PSF) for analysis of the
experimental fluorescent images taken at subsequent
times. In fact, the intensity distributions observed
at the surface represent a convolution of these PSFs,
I'(r, r¢), with the concentration distribution of the
fluorescent molecules at the corresponding stage of
tumor growth at time ¢, N(xy, ¢):

I(r,t) =T (r,rs) ® N(rs,t). (2)

Thus, the true fluorophore concentration distribution,
i.e., the expected intensity distribution when the tumor
is superficial, can be obtained by deconvolution of the
measured images from the effects of tissue scattering.
We perform this deconvolution in the frequency do-
main, where convolution corresponds to the product of
Fourier transforms of PSF [¥(x)] and the fluorophore’s
concentration profile [7i(x)]. Thus,

N(rs,t) = @ [i(x)/y(x)], (3)

where i(x) corresponds to the Fourier transform of the
observed emitted intensity distribution and ® ! is the
inverse Fourier transform.

Our analysis is two-dimensional deconvolution,
which suggests that the centroid of the tumor is not
migrating. The PSF given by Eq. (1) can be well
approximated by a Lorentzian:

A
[b(zf)? + (x — x£)2][b(2)% + (y — )]
(4)

I, ry) =

(see, e.g., Fig. 2).

However, the observed one-dimensional intensity
distributions of the scans passing through the point
of maximum intensity of the emitted light proved to
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be close to Lorentzian as well, as shown in Fig. 3, in
which we present an example of the observed one-
dimensional intensity scans (the fluorophore depth is
1.95 mm):

A

[o:()? + (x — 2m)2][oy(&)% + (¥ — ym)?] ’(5)

I(x,t)=

with effective widths o, = 0, = 3—5 mm.

It follows from Eqgs. (3)—(5) that an average concen-
tration profile of the fluorescent agent is also close
to Lorentzian, with effective widths s, , = o, , — b,
where b corresponds to the effective width of the PSF
from Eq. (4).

In Fig. 4 we present an example of variation
of the widths of the fluorescent intensity distri-
butions, as a function of time after the injection
(t = 10, 45, 70, 90, 120 min) for one series of mea-
surements. As expected, the deconvolved values
are much smaller than those expected without the
presence of a turbid medium (at a fluorophore depth
equal to 0). For comparison we also present in this
figure an observed dependence of the surface intensity
distribution width on time after injection ¢ for zero
fluorophore depth (different animal). One can see the

Fig. 1. Surface fluorescence image of a fluorophore in a
20-day-old tumor 1.95 mm beneath the surface 90 min af-
ter injection of fluoresceinated antibodies.
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Fig. 2. Lorentzian fit to the random-walk model or
1.95-mm-deep fluorescence center.
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Fig. 3. Lorentzian fit to the scan through peak fluores-
cence data measured in the x and y directions.
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Fig. 4. Fluorescence signal width as a function of time.
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Fig. 5. Fluorescence peak intensities (measured and de-
convolved) as functions of time after injection.

qualitative similarity between the surface distribution
and reconstructed (deconvolved) dependence.

In Fig. 5 the fluorescence peak intensities (measured
and deconvolved) are presented as functions of time af-
ter injection. Deconvolved peak intensities were esti-
mated as inversely proportional to the squared width
of the corresponding concentration profile (i.e., assum-
ing that the total amount of the fluorophore inside the
mouse tongue does not change during observations).
As expected, these peak intensities decrease with time
because of diffusion (washout) of the fluorescent par-
ticles. Itis worth noting that, compared with the rela-
tively slow decrease in intensity observed through the
1.95-mm layer of the turbid medium, the deconvolved
peak values decrease much faster (exponentially), simi-
larly to the experimental case of zero fluorophore depth
(Fig. 5). It is obvious that the accuracy of our recon-
struction procedure critically depends on the accuracy
of the PSF used, i.e., the accuracy of the initial esti-
mate of fluorophore depth z;. Fortunately, our model
can provide good accuracy of depth z; reconstruction
(error <10%) at the early stages of tumor development,
as was demonstrated in Ref. 7.

In summary, the results of our experiments show
that tissue scattering distorts the functional form of
the pharmacokinetics. Using our model of diffuse
fluorescent photon migration, we are able to decon-
volve the signal coming from the deep structure and
retrieve the true pharmacokinetics of the antibody
fluorophore. These results show clearly that our
mathematical model is able to quantify not only the
three-dimensional localization of fluorescently labeled
antibodies but also their clearance and diffusion
through tissue.

I. Gannot’s e-mail address is gannot@eng.tau.ac.il.
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